Synaptic plasticity, the cellular correlate for learning and memory, involves signaling cascades in the dendritic spine. Extensive studies have shown that longterm potentiation (LTP) of the excitatory postsynaptic current (EPSC) through glutamate receptors is induced by activation of N-methyl-D-asparate receptor (NMDA-R)-the coincidence detector-and Ca 2+ /calmodulin-dependent protein kinase II (CaMKII). Here we report that the same signaling pathway in the postsynaptic CA1 pyramidal neuron also causes LTP of the slow inhibitory postsynaptic current (sIPSC) mediated by metabotropic GABA B receptors (GABA BRs) and G protein-activated inwardly rectifying K + (GIRK) channels, both residing in dendritic spines as well as shafts. Indicative of intriguing differences in the regulatory mechanisms for excitatory and inhibitory synaptic plasticity, LTP of sIPSC but not EPSC was abolished in mice lacking Nova-2, a neuronalspecific RNA binding protein that is an autoimmune target in paraneoplastic opsoclonus myoclonus ataxia (POMA) patients with latent cancer, reduced inhibitory control of movements, and dementia.
Introduction
Signaling between neurons involves not only ionotropic receptors, ligand-gated ion channels that generate fast synaptic potentials, but also metabotropic receptors-G protein-coupled receptors with prolonged effects (Hille, 1992). The spines, small protrusions from dendrites, harbor the great majority of excitatory synapses and both types of glutamate receptors (Harris, 1999; Sheng and Kim, 2002), whereas dendritic shafts provide the setting for most inhibitory synapses involving γ-aminobutyric acid (GABA), the major inhibitory transmitter in the mammalian brain Intensive studies over decades have identified N-methyl-D-asparate receptor (NMDA-R) as the coincidence detector that allows the postsynaptic neuron to respond to synchronous excitatory inputs with longlasting changes of synaptic excitation mediated by α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptors (AMPA-Rs) (Bliss and Collingridge, 1993) . Optimal NMDA-R activation requires glutamate binding concurrent with postsynaptic depolarization to relieve channel block by external Mg 2+ ions, so as to allow Ca 2+ and other cations to go through, thereby activating downstream second messengers such as Ca 2+ /calmodulin-dependent protein kinase II (CaMKII) and altering synaptic efficacy (Daw et al., 1993) . It is an open question whether the signaling cascade mobilized by activation of NMDA-Rs also has long-lasting effects on the slow inhibitory postsynaptic current (sIPSC) mediated by GABA B -Rs and GIRK channels that localize in dendritic spines of glutamatergic neurons, such as CA1 pyramidal neurons, and could be activated via "spillover" of GABA released from inhibitory nerve terminals.
In this study, we found that coincidence detection of synaptic release of glutamate and CA1 pyramidal-neuron depolarization caused long-term potentiation (LTP) of sIPSC, a process dependent on postsynaptic NMDA-R activation, Ca 2+ increase, and CaMKII activity. To further explore the functional requirement for this novel form of synaptic plasticity, we examined the role of the RNA binding protein Nova-2, an autoimmune target likely important for cognitive functions ( Interestingly, while the Nova-2 null mice exhibited basal sIPSC comparable to that in control sibling mice, they failed to show LTP of sIPSC, indicating that one of the physiological functions of Nova-2 is to enable activity-dependent modulation of the strength of slow synaptic inhibition. Because the Nova-2 null mice still exhibited LTP of EPSC, Nova-2 appears to be specifically involved in the NMDA-R-mediated synaptic plasticity of slow synaptic inhibition. Figure 1C) , though optimal NMDA-R activation still required depolarization to between −20 mV and 0 mV (see Figure S1 in the Supplemental Data available with this article online). The NMDA-R EPSC (peak latency, 31 ± 9 msec) was followed with a slow outward current (peak latency, 320 ± 81 msec)-the sIPSC, which was blocked by two structurally unrelated GIRK-channel blockers, SCH23390 (10 M, n = 6) (Kuzhikandathil and Oxford, 2002) ( Figure  1C ) and tertiapin (100 nM, n = 4) (Bichet et al., 2004) ( Figure 1D) , and the GABA B -R antagonist SCH50911 (25 M, n = 7) (Bolser et al., 1995) ( Figure 1E ). There was relatively little correlation between the amplitudes of NMDA-R EPSC and sIPSC (linear correlation coefficient R 2 = 0.5), both of which remained stable when sampled at 0.33 Hz (sIPSC, 93% ± 10% at w20 min, n = 9, p = 0.3; NMDA-R EPSC, 110% ± 4% at w20 min, n = 9, p = 0.6) (Figure 2A Figure 2D) . Moreover, by measuring the area of sIPSC instead of the peak amplitude, we still observed a persistent and robust pairing-induced potentiation (normalized area, 2.9 ± 0.5 at w20 min after pairing, n = 12, p < 0.05) ( Figure 2E ). There was also no clear correlation between the extent of the sIPSC potentiation and the baseline amplitude of sIPSC (linear correlation R 2 = 0.4) ( Figure 2F ) or NMDA-R EPSC (R 2 = 0.1) ( Figure 2G ). Finally, whereas the potentiated sIPSC after pairing was sensitive to the GABA B -R antagonist SCH50911 (n = 4; Figure 3A ) and the GIRKchannel blocker SCH23390 (n = 3; Figure 3B ), the GABA B -R activity was not required during pairing for the sIPSC potentiation (257% ± 35% at w30 min after pairing, n = 8, p < 0.005; Figure 3C ). Thus, pairing synaptic glutamate release with CA1 pyramidal-neuron depolarization resulted in LTP of sIPSC.
Results

GIRK2 Also Resides in the Dendritic
We then asked whether the pairing protocol could also cause potentiation of sIPSC in CA1 pyramidal neurons of acute hippocampal slices from 25-to 30-dayold rats. Because interneurons in the distal apical dendritic field of CA1 pyramidal neurons have a high target preference for not only dendritic shafts but also spines (Vida et al., 1998) and the spines in s.l.m. are particularly rich in GIRK1 immunoreactivity (Drake et al., 1997), we selectively delivered stimuli to the perforant path at s.l.m. The baseline sIPSC sampled with 0.33 Hz stimulation exhibited modest rundown; the sIPSC amplitude w20 min after initiation of whole-cell patch-clamp recording was 80% ± 27% of the starting value (n = 13, p = 0.02) ( Figure 3D ). Nonetheless, the pairing protocol failed to potentiate the sIPSC (65% ± 14% at w20 min after pairing, n = 8, p < 0.01; Figure 3F ), suggesting that pairing-induced NMDA-R activation is necessary for sIPSC LTP.
Potentiation of the sIPSC Requires NMDA-R Activation in the Postsynaptic CA1 Pyramidal Neuron
To test whether NMDA-R activity is necessary for pairing-induced sIPSC potentiation in slice culture, we first applied the NMDA-R antagonist APV (100 M) and found no pairing-induced LTP of the sIPSC (102% ± 20% at w20 min after pairing, n = 7, p = 0.1) ( Figure 4A ). However, not only was the inward current very small in the presence of antagonists for both NMDA-R and AMPA-R, the sIPSC amplitude was greatly reduced, likely due to inefficient synaptic excitation of the inhibitory interneurons to generate disynaptic sIPSC. We therefore conducted two additional controls. First, we stimulated presynaptic fibers at 3 Hz without depolariz- ing the postsynaptic pyramidal neuron and found that, analogous to our observations with the acute slice (Figure 3F) , there was no persistent potentiation of the sIPSC (123% ± 26% at w20 min after pairing, n = 6, p = 0.1) ( Figure 4B ). Second, when we treated the cultured slices only with antagonists of the GABA A -Rs and NMDA-Rs, there was no pairing-induced potentiation of the biphasic response composed of AMPA-R-mediated EPSC (AMPA-R EPSC) and the sIPSC (90% ± 12%, n = 6, p = 0.3) ( Figure 4C ). These experiments confirm that NMDA-R activation via the pairing protocol is required for LTP of the sIPSC.
Induction of the sIPSC LTP Is Dependent on Postsynaptic Ca 2+ Increase To ask whether sIPSC potentiation is due to Ca 2+ influx through NMDA-Rs, we tested the effect of chelating internal Ca 2+ and blocking Ca 2+ channels and whether LTP of sIPSC is induced locally near the activated synapses on dendrites. Whereas the pairing protocol still caused LTP of sIPSC when the intracellular Ca 2+ level was moderately buffered by 1.1 mM EGTA, no potentiation of sIPSC could be induced with 10 mM BAPTA in the patch pipette solution (87% ± 19% at w20 min after pairing, n = 6, p = 0.6) ( Figure 4D) . A rise in postsynaptic Ca 2+ is likely responsible for potentiating the sIPSC since Oregon green BAPTA 488-1 or lucifer yellow-fluorescent markers of sizes comparable to BAPTAcould diffuse from the pipette solution to distal apical dendrites within 5-10 min after whole-cell patch-clamp was established ( Figure S2 ). Blocking voltage-gated Ca 2+ channels with nifedipine (100 M), however, did not eliminate pairing-induced LTP of sIPSC (295% ± 53% at w20 min after pairing, n = 7, p < 0.01; Figure  S3 ). Moreover, pairing depolarization with stimulation of nerve fibers near proximal dendrites (pathway 2) did not cause potentiation of sIPSC elicited by nerve stimulation near distal dendrites (pathway 1) of CA1 pyramidal neurons (107% ± 26% at w20 min after pairing for pathway 2, n = 8, p = 0.2; Figure S4 ). Taken together, these findings suggest that Ca Figure 5D ). In control experiments, neurons expressing EGFP and their neighboring uninfected neurons yielded similar sIPSC (neurons expressing EGFP, 2.9 ± 0.7 pA; neighboring control neurons, 3.1 ± 0.9 pA; n = 18, p = 0.8) and NMDA-R EPSC (neurons expressing EGFP, 38.8 ± 5.1 pA; neighboring control neurons, 40.9 ± 6.0 pA; n = 24, p = 0.4) ( Figure 5C ). Not only was constitutively active CaMKII sufficient for potentiating the sIPSC, it occluded pairing-induced LTP of sIPSC; neurons expressing CaMKII(1-290)-EGFP showed no further potentiation of sIPSC after pairing (113% ± 54%, n = 7, p = 0.1), while control neurons expressing EGFP still exhibited pairing-induced LTP of sIPSC (287% ± 43%, n = 4, p < 0.01) ( Figure 5E ). These experiments demonstrate that sIPSC was potentiated by the activation of CaMKII in the postsynaptic CA1 pyramidal neurons.
The Nova-2 RNA Binding Protein Is Essential for Pairing-Induced sIPSC Potentiation
Having established that the sIPSC mediated by GABA B -Rs and GIRK channels can be potentiated by activation of NMDA-Rs and CaMKII in CA1 pyramidal neurons, we wondered whether this synaptic plasticity of slow inhibition might be subjected to concerted modulation of relevant synaptic proteins. One candidate for coordinating such modulation is Nova-2 because it regulates a network of synaptic proteins and one-third of its targets are molecules involved in inhibitory synaptic transmission, including GABA B -Rs and GIRK channels (Ule et al., 2003, 2005) .
To characterize synaptic transmission and plasticity in the Nova-2 null mice (Ule et al., 2003) (Figure S5 ), which lived for 2-3 weeks after birth, we first measured the resting membrane potential of CA1 pyramidal neurons in hippocampal slice culture and found no difference between Nova-2 null mice (−60.6 ± 3.5 mV, n = 8) and their heterozygous siblings (-59.4 ± 3.1 mV, n = 5, p = 0.5). Next, we examined the miniature EPSCs and found no effect of the null mutation on the amplitude (Nova-2 −/− , 3.5 ± 0.3 pA; Nova-2 +/− , 3.9 ± 0.6 pA; n = 7, p = 0.5) or frequency (Nova-2 −/− , 0.5 ± 0.2 Hz; Nova-2 +/− , 0.4 ± 0.2 Hz; n = 7, p = 0.7) of these unitary responses ( Figure 6A) . We also found similar ratios of AMPA-R EPSC measured at −60 mV and NMDA-R EPSC at +40 mV (Nova-2 −/− , 2.3 ± 0.9, n = 8; Nova-2 +/− , 2.5 ± 0.8, n = 7; p = 0.9) ( Figure 6B ). Moreover, when we recorded the NMDA-R-mediated EPSC at different membrane potentials in the presence of the AMPA-R antagonist NBQX, we found comparable voltage dependence of the NMDA-R EPSC in Nova-2 null mutants and their heterozygous sib controls ( Figure 6C) . Finally, the pairing protocol elicited LTP of EPSC in both heterozygous control mice (pairing pathway, 171% ± 14%, n = 10, p < 0.01; control pathway, 99% ± 8%, n = 5, p = 0.8) and Nova-2 null mice (pairing pathway, 177% ± 14%, n = 9, p < 0.01; control pathway, 99% ± 13%, n = 4, p = 0.9) ( Figure 6D ). These experiments thus revealed no significant differences between Nova-2 null mice and control mice in excitatory synaptic transmission.
To Interestingly, whereas their heterozygous siblings yielded normal pairing-induced potentiation of sIPSC (338% ± 39% at w20 min after pairing, n = 6, p < 0.01), the Nova-2 null mutants exhibited no pairing-induced LTP of the sIPSC (130% ± 38% at w20 min after pairing, n = 8, p = 0.5) ( Figure 7D ). Since the basal synaptic transmission appeared normal for excitation ( Figures  6A and 6B) and inhibition (Figures 7A and 7B ) and the capacity of inducing LTP of the EPSC remained in the Nova-2 null mutant ( Figure 6D ), it appears that the machinery essential for potentiating the slow synaptic inhibition mediated by the GABA B -Rs and GIRK channels is specifically impaired in Nova-2 null mice. 
Discussion
Neurotransmitters not only induce rapid potential changes in the millisecond timescale via ionotropic receptors, they activate G protein-coupled metabotropic receptors to influence neuronal activity for seconds if not minutes (Hille, 2001) . Moreover, the metabotropic receptors' ability to respond to transmitters released at a distance allows neurons to integrate and process multiple synaptic inputs. Prompted by the unexpected localization of both GABA B -Rs and GIRK channels to Figures  4A-4C) .
In addition to identifying the mechanism common to LTP of EPSC and LTP of sIPSC, we came upon regulatory machinery specific for the synaptic plasticity of slow inhibition. Like LTP of EPSC (Malenka et al., 1988, Figure 4D ) and CaMKII activity (Figure 5A) . Moreover, expression of constitutively active CaMKII in CA1 pyramidal neurons was sufficient to potentiate sIPSC ( Figure 5D ) and to occlude pairinginduced LTP of sIPSC ( Figure 5E ). Remarkably, LTP of sIPSC but not EPSC was absent in the Nova-2 null mice (Figures 6 and 7) , raising the intriguing possibility that one of the physiological functions of the Nova-2 RNA binding protein is to enable central neurons to adjust their slow synaptic inhibition based on neuronal activity.
Long-Term Potentiation of Slow Synaptic Inhibition Could Sharpen the Coincidence Detection of Excitatory Synaptic Inputs
One potential consequence of sIPSC potentiation is to narrow the time window for the coincidence detection of excitatory inputs; late-arriving synaptic inputs would be rendered less effective because of the hyperpolarization and increased membrane conductance accompanying the potentiated sIPSC. Importantly, in small structures like the dendritic spines, slow synaptic inhibition mediated by K + channel activation via GABA B -Rs is likely to be more effective in dampening the excit-atory inputs-in principle-than the fast synaptic inhibition, since Cl − influx through GABA A -Rs into small structures could significantly increase the concentration and hence decrease the driving force for Cl − (Qian and Sejnowski, 1990) . Thus, the localization of both GABA B -Rs and GIRK channels in dendritic spines (Figure 1A) (Drake et al., 1997; Kulik et al., 2003) not only enables the same signaling pathway for synaptic plasticity of excitatory synaptic potentials to induce longlasting changes of slow synaptic inhibition, potentiation of slow inhibition due to GIRK channel activity also represents one highly effective way of harnessing excitatory synaptic inputs.
In addition to reducing excitation at dendritic spines, slow synaptic inhibition may also induce failures of action-potential propagation along axons, particularly at axonal branch points ( 
Experimental Procedures
Immunocytochemistry Primary cultures of rat hippocampal neurons (Brewer et al., 1993) were transfected with EGFP constructs, fixed with 4% paraformaldehyde/4% sucrose in phosphate-buffered saline at 4°C for 20 min, and exposed to GIRK2 antibodies (Alomone, Jerusalem, Israel) for immunofluorescence.
Hippocampal Organotypic Slice Culture and Electrophysiology
Rat hippocampal organotypic slice cultures (Hayashi et al., 2000) in a recording chamber superfused with ACSF solution containing (in mM) 119 NaCl, 2.5 KCl, 4 CaCl 2 , 4 MgCl 2 , 26.2 NaHCO 3 , 1 NaH 2 PO 4 , 11 glucose and equilibrated with 5% CO 2 /95% O 2 were used for whole-cell recordings at room temperature from CA1 pyramidal neurons with patch electrodes (3-5 M⍀) filled with pipette solution containing (in mM) 140 K-gluconate, 5 HEPES, 2 MgCl 2 , 1.1 EGTA, 2 MgATP, 3 Na 3 GTP. Recordings were amplified with Axonpatch 1D, filtered at 1 kHz, and sampled using programs written in Igor (Wavematrics, Lake Oswego, Oregon). To evoke synaptic responses, a cluster electrode (FHC, Bowdoinham, Maine) was placed 300-500 m from the stratum pyramidale layer in the CA1 region, and stimuli of w0.1 msec duration were delivered. Data were analyzed using macros written in Igor and Microsoft Excel. Sindbis viruses and the CaMKII(1-290)-EGFP construct were constructed as reported (Hayashi et al., 2000) , and recordings were made 24 to 36 hr after neurons were infected. Recordings from cell pairs were performed with neurons whose somata were within w20
